TATA-binding protein-associated factors (TAFs) are general transcription factors within the transcription factor IID (TFIID) complex, which recognizes the core promoter of genes. In addition to their biochemical function, it is known that several TAFs are involved in the regulation of developmental processes. In this study, we found that TAF15b affects flowering time, especially through the autonomous pathway (AP) in Arabidopsis. The mutant taf15b shows late flowering compared with the wild type plant during both long and short days, and vernalization accelerates the flowering time of taf15b. In addition, taf15b shows strong upregulation of FLOWERING LOCUS C (FLC), a flowering repressor in Arabidopsis, and the flc taf15b double mutant completely offsets the late flowering of taf15b, indicating that TAF15b is a typical AP gene. The taf15b mutant also shows increased transcript levels of COOLAIR, an antisense transcript of FLC. Consistently, chromatin immunoprecipitation (ChIP) analyses showed that the TAF15b protein is enriched around both sense and antisense transcription start sites of the FLC locus. In addition, co-immunoprecipitation showed that TAF15b interacts with RNA polymerase II (Pol II), while ChIP showed increased enrichment of the phosphorylated forms, both serine 2 (Ser2) and Ser5, of the C-terminal domain of Pol II at the FLC locus, which is indicative of transcriptional elongation. Finally, taf15b showed higher enrichment of the active histone marker, H3K4me3, on FLC chromatin. Taken together, our results suggest that TAF15b affects flowering time through transcriptional repression of FLC in Arabidopsis.
INTRODUCTION
Flowering is one of the most important developmental processes for plant survival. Thus, the timing of flowering is finely tuned by both endogenous and environmental signals. In Arabidopsis thaliana (L.) Heynh., there are various ecotypes that can be divided into two groups depending on their flowering times: early-and late-flowering ecotypes. Allelic variations at two genes, FLOWERING LOCUS C (FLC) and FRIGIDA (FRI), mainly cause a difference in flowering time (Clarke and Dean, 1994; Michaels et al., 2003; Gazzani et al., 2003; Lempe et al., 2005; Shindo et al., 2006; Li et al., 2014; Duncan et al., 2015) . FLC encodes a MADS-box transcription factor that inhibits flowering and FRI activates the transcription of FLC (Michaels, 1999; Sheldon et al., 1999; Johanson et al., 2000; Choi et al., 2011) .
The late-flowering ecotypes have functional alleles of both FRI and FLC, whereas early-flowering ecotypes have null alleles of either FLC or FRI or both (Johanson et al., 2000; Gazzani et al., 2003; Michaels et al., 2003) . Vernalization, a long-term cold exposure that accelerates flowering causes late-flowering ecotypes to flower early by repressing FLC expression (Michaels, 2001) . Koornneef et al. (1991) isolated a group of mutants that are late-flowering irrespective of day-length and also highly sensitive to vernalization. In addition, double mutations with flc completely offset the late-flowering phenotype, indicating that their major downstream target is FLC (Michaels, 2001; Rouse et al., 2002) . Such mutants have been classified as autonomous pathway (AP) mutants (Koornneef et al., 1998; Simpson, 2004; B€ aurle and Dean, 2006; Oh and Lee, 2007) . There are 16 genes involved in the AP and they can be categorized into three groups depending on their putative biochemical functions: RNA processing, transcriptional regulation, and histone modification. In the RNA processing group, FCA, FY, FPA, cleavage stimulation factor 64 (CstF64), CstF77, and Pcf11p-similar protein 4 (PCFS4) are likely to be involved in the cleavage and polyadenylation of mRNA (Macknight et al., 1997; Schomburg et al., 2001; Simpson et al., 2003; Xing et al., 2008; Liu et al., 2010) . In addition, some AP genes in the RNA processing group encode proteins involved in RNA splicing, such as glycine-rich RNA-binding protein 7 (GRP7), GRP8, pre-mRNA processing protein 8 (PRP8), PRP39-1, and serine/arginine-rich 45 (SR45) (Wang et al., 2007; Ali et al., 2007; Streitner et al., 2008; Marquardt et al., 2014) . The gene, FLOWERING LOCUS KH DOMAIN (FLK), is also a member of the RNA processing group and contains three K homology (KH) domains, a typical arrangement found in poly(C)-binding ribonucleoproteins (PCBPs) (Lim, 2004; Mockler et al., 2004) . All mutants of these genes show elevated levels of FLC transcripts but they do not affect the alternative splicing pattern of FLC. The second group of AP genes encodes putative transcription factors, including LUMINIDEPENDENS (LD) and cyclindependent kinase C;2 (CDKC;2) (Lee et al., 1994; Aukerman et al., 1999; Wang et al., 2014) . LD encodes a protein with a homeodomain and a domain found in transcription elongation factor S-II (TFIIS) but its transcriptional activity has not been reported. CDKC;2 is a component of transcription elongation factor b (P-TEFb), which affects global RNA polymerase II (Pol II) Ser2 phosphorylation levels (Wang et al., 2014) . Although the cdkc;2 mutant shows increased levels of FLC, it is proposed that CDKC;2 does not directly affect FLC transcription. The last group is involved in histone modification and includes FVE and FLOWERING LOCUS D (FLD) (Sanda and Amasino, 1996; He, 2003; Kim et al., 2004; Aus ın et al., 2004) . FVE is a homologue of human retinoblastoma-associated proteins and is coimmunoprecipitated with histone deacetylase complex (Aus ın et al., 2004; Jeon and Kim, 2011) . FLD is a homologue of human LYSINE SPECIFIC DEMETHYLASE1 (LSD1), which has H3K4 demethylase activity (He, 2003; Liu et al., 2007; Jiang et al., 2009) .
Although more than 16 AP genes have been identified and characterized, none of these have been shown to directly regulate either FLC transcription or FLC RNA processing. The current understanding of how AP genes affect transcript levels of FLC is concentrated on the regulation of the noncoding antisense RNA COOLAIR at the FLC locus (Liu et al., 2007 (Liu et al., , 2010 Marquardt et al., 2014; Wang et al., 2014) . For example, FY, a homologue of a component of a complex required for mRNA cleavage and polyadenylation in yeast interacts with FCA, a plant-specific protein . But FCA, together with FY, autoregulates alternative polyadenylation of its own RNA instead of FLC RNA Quesada et al., 2003) . Interestingly, FCA and FY regulate RNA processing of COOLAIR, especially the proximally polyadenylated COOLAIR (Liu et al., 2007 (Liu et al., , 2010 . Similarly, FPA, a Spen family protein, also controls alternative cleavage and polyadenylation of its own RNA and regulates the transcript level of distal form of COOLAIR (Hornyik et al., 2010) . In addition, CstF64 and CstF77 are also required for 3 0 processing of COOLAIR (Liu et al., 2010) . Such processing is linked to the FLC chromatin structure through the genetic interaction of FCA and FLD, an H3K4 demethylase, which causes an inactive form of FLC (Liu et al., 2007) . Interestingly, CDKC;2 also affects COOLAIR transcription, although it does not directly affect FLC transcription (Wang et al., 2014) . These studies suggest that AP genes affect FLC transcription through modification of chromatin structure mediated by COOLAIR. Therefore, the mechanism of the direct regulation of FLC transcription is still unknown.
While searching for new AP genes encoding proteins with an RNA-recognition motif (RRM), we identified TATAbinding protein-associated factor 15b (TAF15b), which has both an RRM and zinc-finger motifs, as an AP gene. TAFs are usually components of the TFIID complex that directly binds to core promoters to form a preinitiation complex with RNA polymerase II (Pol II) (Burley and Roeder, 1996; Hampsey and Reinberg, 1997) . The TFIID complex is composed of the TATA-binding protein (TBP) and 8-12 TATAbinding protein-associated factors (TAFs) (Albright and Tjian, 2000) . In Arabidopsis, there are 18 putative TAFs identified through BLAST search using TAF protein sequences from diverse organisms (Lago et al., 2004) . TAFs are categorized as components of general transcription factors but some Arabidopsis TAFs are known to be involved in certain developmental processes, such as reproductive development. For example, TAF1, a histone acetyltransferase, is required for normal flower development, fertility, and the response to DNA damage stress (Waterworth et al., 2015) . On the other hand, TAF6 specifically affects pollen tube growth, suggesting that it regulates only a specific subset of genes (Lago et al., 2005) . Furthermore, it has been reported that TAF14 interacts with the FRIGIDA complex, which represses flowering by transcriptionally activating FLC, a floral repressor in Arabidopsis (Choi et al., 2011) .
Among Arabidopsis TAF genes, two TAFs are designated as TAF15 and TAF15b (Lago et al., 2004) . However, in humans, there is only one TAF15, which is more similar to Arabidopsis TAF15b, according to domain analysis. Human TAF15 belongs to the FET protein family, which are structurally categorized as heterogeneous nuclear ribonucleoprotein particle (hnRNP) proteins (Schwartz et al., 2015) . The FET family consists of three proteins, FUS (FUSED IN SARCOMA), EWSR1 (EWING'S SARCOMA BREAKPOINT REGION 1), and TAF15 and it is known that mutations in these genes cause neurodegenerative disorders (Kovar, 2011; Schwartz et al., 2015; Svetoni et al., 2016) . FET proteins share similar domains, such as an Nterminal low-complexity (LC) domain (also referred to as a QGSY-rich region), a zinc-finger motif, an RRM, and a Cterminal proline-tyrosine nuclear localization signal (PY-NLS) (Svetoni et al., 2016) . Because FET proteins have both zinc-finger motifs and RRM, they can bind both RNA and DNA (Bertolotti et al., 1996; Tan and Manley, 2009) . At the molecular level, these proteins are reported to regulate both transcription in the nucleus and RNA processing in cytoplasmic stress granules (Schwartz et al., 2015) . For transcriptional regulation, FUS is reported to bind Pol II at the transcription start sites (TSSs) of target genes and inhibit the phosphorylation of Ser2 (Ser2P) of the C-terminal domain (CTD) of Pol II (Schwartz et al., 2012) . Because LC domains have self-assembly properties, FUS proteins form polymeric fibres around TSSs and directly bind the CTD of Pol II, which inhibits transcriptional elongation in an RNAdependent manner (Schwartz et al., 2012 (Schwartz et al., , 2013 .
Recently, TAF15b has been reported to play a role in plant immunity in Arabidopsis (Dong et al., 2016) . During the analysis of MOS11, a gene involved in plant immunity and mRNA export, TAF15b was identified as a homologue of human FUS, which is a component of a protein complex with CIP29, a human homologue of MOS11. The mutation of TAF15b caused an autoimmune phenotype as expected, but the mutations of the other homologues, such as MOS11 and DDX39, did not show such a phenotype. In addition, TAF15b localizes not only to the nucleus but also to processing bodies (p-bodies), cytoplasmic foci involved in mRNA decapping and degradation, suggesting dual functions of TAF15b in both nucleus and cytoplasm (Dong et al., 2016) . It is also reported that the taf15b mutant has a lateflowering phenotype, although a mutant of the close homologue, taf15, does not show any flowering phenotype.
Here, we report the molecular function of a plant FET protein, TAF15b, and its role in flowering time determination in Arabidopsis. TAF15b plays a role in decreasing not only FLC sense transcription, but also antisense transcription of COOLAIR. We show that TAF15b interacts with Pol II and is associated with the TSSs of both sense and antisense FLC. Such results suggest that TAF15b is directly involved in the transcriptional repression of FLC.
RESULTS

TAF15b is a gene involved in the autonomous pathway for flowering
Many genes involved in the autonomous pathway for flowering encode a protein with an RRM. Therefore, we searched for additional AP gene candidates using an Arabidopsis database for proteins with such domains. We examined the flowering time of mutants, which were obtained from the Arabidopsis Biological Resource Center (ABRC), with T-DNA insertions in the gene encoding protein with RRM domain. We found that the taf15b mutant (SAIL_35_B06), which has a T-DNA insertion in the third intron of TAF15b (AT5G58470), exhibits a late-flowering phenotype (Figure 1a, c) . TAF15b is an orthologue of human TAF15 and was recently reported to show late flowering as well as a plant immunity phenotype. However, the molecular mechanism of how TAF15b affects flowering has not been thoroughly analyzed.
We obtained another allele, SALK_061974, which has a T-DNA insertion at a similar location as SAIL_35_B06 (Figure 1a) . RT-PCR analysis showed that both mutants do not express detectable levels of TAF15b, indicating that they are null mutants ( Figure 1b ). In long-day conditions, both alleles flowered later than the wild type (Col-0) and produced twice as many leaves as wild type (WT) before bolting ( Figure 1c ). The SAIL line flowered a little later than the SALK line and, thus, we termed the SAIL line as taf15b-1 and the SALK line as taf15b-2, based on the severity of the flowering phenotype ( Figure 1c ). Introduction of genomic TAF15b fused with a C-terminal GFP tag into the taf15b-1 mutant rescued the late-flowering phenotype (Figures 1(d) and S1). Similarly, overexpression of TAF15b driven by the CsV promoter from cassava vein mosaic virus caused earlier flowering than the WT (Figures 1(e) and S1; Verdaguer et al., 1996) . These complementation analyses confirmed that the late-flowering phenotype is caused by loss-of-function of the TAF15b gene.
To address if TAF15b is indeed an AP gene, we analyzed the flowering phenotype of taf15b under various environmental conditions. The taf15b mutants flowered later than the WT in both long and short days and they also showed responses to both vernalization and gibberellin (GA) treatment (Figure 1(f) ). Such flowering traits are characteristic of AP mutants. In addition, similar to other AP mutants, taf15b showed a large increase in FLC transcript levels, with the level 10-fold higher in taf15b-1 and six-fold higher in taf15b-2 compared with the WT (Figure 1(g) ). Finally, the late-flowering phenotype of taf15b was completely offset by the flc mutation; thus, the flc taf15b double mutant showed early flowering similar to the flc single mutant (Figure 1(h) ). Altogether, our results suggest that TAF15b promotes flowering by repressing FLC expression via the autonomous pathway.
TAF15b affects downstream targets of FLC but does not affect other AP genes
FLC is a strong repressor of flowering in Arabidopsis and suppresses the flowering pathway integrators, FT and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) and LEAFY (LFY) (Hepworth, 2002; Helliwell et al., 2006; Michaels, 2009; . Thus, we checked if expression of the three integrators was reduced in the taf15b mutant. Indeed, the transcript levels of all of the integrators were decreased in taf15b compared with the WT (Figure 2a ), which explains why taf15b has late flowering. Then, we checked if taf15b affects the expression of any other AP genes or vice versa, thus determining if TAF15b acts upstream or downstream of AP genes. As shown in Figure 2 (b), none of the analyzed AP genes showed significant differences in expression between taf15b and the WT. Similarly, none of the AP mutants showed significantly different expression of TAF15b compared with the WT (Figure 2 (c)). Taken together, our results suggest that TAF15b acts neither upstream nor downstream of well known AP genes.
Spatial expression of TAF15b
In the Arabidopsis genome, there are two TAF15s, TAF15 and TAF15b, which have RRM and zinc-finger motifs (Lago et al., 2004) . When comparing overall protein structures, TAF15b, rather than AtTAF15, seems to be more similar to human TAF15 because they both have an LC domain and a PY motif, which are absent in AtTAF15 (Figure 3a) . Because of their self-assembly properties and polar amino acid residues, LC domains are also referred to as prion-like domains (PrDs) (Burke et al., 2015) .
To understand the spatial expression pattern of TAF15b at the tissue level, we performed histochemical GUS staining using a 1-kb TAF15b promoter fused to the b-glucuronidase (GUS) reporter gene (Figure 3b) . In young seedlings, TAF15b is broadly expressed in entire leaves and shoot apical meristems, which are actively dividing tissues. In addition, TAF15 bp::GUS is expressed in the veins of mature leaves and is expressed in anthers and stigmas of flowers.
We also analyzed the subcellular distribution of TAF15b in stable transgenic plants expressing CsVp::TAF15b-GFP. TAF15b was mainly located in the nuclei and formed nucleoplasmic foci but it was excluded from the nucleoli, similar to the distribution pattern of human FUS and TAF15 (Figure 3c, d ) (Marko et al., 2012; Yang et al., 2014) . Dong et al. (2016) reported that Arabidopsis TAF15b is also localized to cytoplasmic ribonucleoprotein granules known as pbodies. As it is known that heat stress increases the size of p-bodies in budding yeast (Brengues et al., 2005; Grousl et al., 2009) , we checked if TAF15b is also localized to cytoplasmic p-bodies after heat stress. At room temperature, GFP-fluorescent cytoplasmic p-bodies were undetectable, although green fluorescent nuclei were easily observed in Relative transcript levels to TUB2 are normalized to WT. Means AE standard deviation from three technical replicates are presented. Asterisks indicate statistically significant differences evaluated using Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001). CsVp::TAF15b-GFP plants (Figure 3c, d) . In contrast, a 42°C heat stress for 1 h caused the appearance of green fluorescent spots in the cytoplasm, which are likely to be p-bodies. In addition, heat stress caused an increase in the number of nucleoplasmic foci in the nucleus (Figure 3d ).
Interestingly, a 1 h cold treatment also increased the number of nucleoplasmic foci, although such foci disappeared after vernalization, a 43-day cold treatment (Figure 3c, d) . However, cold treatment did not cause the appearance of fluorescent p-bodies. Taken together, our results indicate that subcellular localization of TAF15b is influenced by temperature.
TAF15b decreases FLC and COOLAIR transcripts
The FLC locus produces not only a sense transcript but also the antisense transcript COOLAIR. Therefore, we analysed the levels of both sense and antisense transcripts in WT, taf15b-1, fca-9, which is an intensively studied AP gene, and FRI-Col, which shows strong expression of FLC (Figure 4) . For sense transcripts, we analysed both spliced and unspliced forms of FLC because the spliced form represents the level of mRNA, whereas the unspliced form is used as a proxy for transcriptional activity (Swiezewski et al., 2009 ). In taf15b-1, both spliced and unspliced forms of FLC were increased compared with the WT (Figure 4b ). There are two forms of FLC antisense transcripts, the proximal and distal COOLAIRs (Liu et al., 2007; Swiezewski et al., 2009) . The levels of these two transcripts were also higher in taf15b than in the WT, which is similar to those in fca-9 and FRI-Col (Figure 4c) . Such results strongly suggest that TAF15b represses the transcription of both sense and antisense FLC.
FLC sense and antisense transcripts differentially respond to vernalization: sense transcripts are decreased whereas antisense transcripts are increased, during vernalization (Swiezewski et al., 2009; Csorba et al., 2014; Czesnick and Lenhard, 2016) . Because COOLAIR is increased to the highest level after 2 weeks of vernalization, we compared the transcript levels at that time (Figure 4b, c) . Spliced forms of FLC were slightly decreased in fca-9 and FRI-Col, but were slightly increased in WT and taf15b-1, which is similar to previous studies showing that FLC mRNA is not decreased significantly after 2 weeks of vernalization treatment, probably due to its long half-life (Csorba et al., 2014) . However, 6 weeks of vernalization treatment reduced the level of spliced form dramatically in taf15b similar to fca and FRI-Col, suggesting that taf15b responds to vernalization as well as AP mutants (Figure 4b) . Conversely, unspliced FLC was significantly decreased by 2 weeks of cold exposure in all genotypes (Figure 4b ). In the case of COOLAIR, the level of the proximal form was highly increased but the distal form was not much affected by 2 weeks of cold treatment in all genotypes (Figure 4c) . Therefore, our results indicate that there is not much differential response to vernalization among taf15b and other genotypes, such as fca and FRI-Col, and the levels of FLC sense and COOLAIR transcripts were affected oppositely by vernalization.
TAF15b is enriched near the TSSs of FLC sense and COOLAIR transcripts
The increase of FLC transcript levels in the taf15b mutant indicates that TAF15b may affect FLC at the transcriptional level. Thus, we checked the level of H3K4me3, which is associated with active transcription, by ChIP ) and COOLAIR (c) transcripts before vernalization (À), after 2 or 6 weeks of vernalization (+). Non-vernalized samples (À) are seedlings grown for 10 days in long days and vernalized samples (+) are seedlings grown for 7 days in long days, then vernalized for 2 or 6 weeks. Relative transcript levels to TUB2 are normalized to non-vernalized WT. Means AE standard deviation from three technical replicates are presented. Asterisks indicate statistically significant differences evaluated using Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
analysis in taf15b-1 and compared it with the WT. Similar to previous studies (Wu et al., 2016) , H3K4me3 was highly enriched at the FLC transcription start site (TSS) in the WT (B region in Figure 5a ). In taf15b, H3K4me3 enrichment was increased especially at the C region just below the first exon. This suggests that the FLC chromatin of the taf15b mutant is in a transcriptionally active state (Figure 5a, b) .
As TAF15b has a zinc-finger motif and is a homologue of FET family proteins, which were suggested to affect transcription (Kovar, 2011; Schwartz et al., 2015) , we checked if TAF15b directly regulates FLC expression. For this, we performed ChIP analysis using CsVp::TAF15b-GFP seedlings and identified the enrichment pattern of TAF15b-GFP protein on the FLC gene (Figure 5c ). Interestingly, TAF15b showed enrichment around the TSSs of both FLC sense and antisense transcripts (A, B regions, and F region in Figure 5a ).
TAF15b interacts with RNA polymerase II
TAF15b is enriched at the TSSs of the FLC sense and antisense transcripts and is a homologue of a general transcription factor (Lago et al., 2004) . It prompted us to check if TAF15b interacts with Pol II by co-immunoprecipitation (co-IP) using CsVp::TAF15b-GFP transgenic lines. We used three different antibodies specific for the CTD of Pol II for co-immunoprecipitation (co-IP): an antibody against hypophosphorylated CTD (hypo), an antibody against phosphorylated serine 2 in the CTD (Ser2P), and an antibody against phosphorylated serine 5 in the CTD (Ser5P). The co-IP analysis showed that all types of the CTD were co-immunoprecipitated with TAF15b-GFP, although the Ser2P form showed a stronger signal (Figure 6a ). This indicates that TAF15b interacts with Pol II in general. Then, we examined if taf15b affects the global phosphorylation status of the Pol II CTD by western blot analysis. The result showed that there were no significant differences in the levels of Pol II and the phosphorylation status of both Ser2P and Ser5P between the WT and the taf15b-1 mutant (Figure 6b ). This result indicates that TAF15b does not affect the global phosphorylation status of the Pol II CTD.
Transcriptional initiation, elongation, and termination are regulated through the posttranslational modification of the CTD of Pol II such that Pol II initiates transcription when serine 5 of CTD is phosphorylated (Ser5P), elongates transcription when both Ser2 and Ser5 are phosphorylated, and terminates transcription when only Ser2 is phosphorylated (Phatnani and Greenleaf, 2006; Zaborowska et al., 2016; Harlen and Churchman, 2017) . Thus, we analyzed if the enrichment of Ser2P or Ser5P of Pol II is affected by the taf15b mutation, which would be indicative of direct participation in transcriptional processes. The ChIP analysis using antibodies specific for Ser2P or Ser5P showed a moderate increase in the enrichment of both Ser2P and Ser5P, indicative of increased transcription elongation, in the taf15b mutant compared with the WT throughout the FLC locus (Figure 6c, d) . In contrast, at the ACTIN7 locus, whose expression is not influenced by TAF15b, there was no difference in the enrichment of Ser2P or Ser5P between taf15b and the WT ( Figure S3 ). Taken together, our results suggest that TAF15b interacts with Pol II and decreases transcriptional elongation of FLC.
DISCUSSION
In general, TAFs are components of the TFIID complex and, thus, are usually considered to function to bring Pol II to a core promoter (Burley and Roeder, 1996; Hampsey and Reinberg, 1997) . However, it is known that some TAFs have distinctive roles in developmental processes in various (c) ChIP-qPCR analysis for TAF15b enrichment at the FLC locus. WT and epitope-tagged transgenic lines, CsVp::TAF15b-GFP, were grown for 10 days under long-day conditions for ChIP analysis. Relative enrichment of the IP/ Input was normalized to that of Ta3. Means AE standard deviation from three technical replicates are presented. Asterisks indicate statistically significant differences evaluated using Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
organisms, including Arabidopsis (Lago et al., 2005; Goodrich and Tjian, 2010; Choi et al., 2011; Waterworth et al., 2015) . Here, we report that TAF15b, which is most likely an orthologue of human TAF15, affects flowering time by repressing transcription of FLC. The interaction with Pol II and enrichment at the TSSs of the FLC gene strongly supports that TAF15b is a transcriptional repressor of FLC.
Our results reveal that TAF15b is a bona fide AP gene whose encoded protein is enriched at the promoter region of FLC and interacts with Pol II. Although some reports have shown that FLD, an AP gene encoding H3K4 demethylase, is enriched at promoter regions (Jiang et al., 2009; Ko et al., 2010) , how the epigenetic modifier directly represses transcription of FLC has not been resolved. Interestingly, some reports have shown that AP proteins are enriched at the FLC locus either in the middle or the rear part of the gene such that FLD is enriched in the middle of the first intron (Wu et al., 2016) , in contrast with previous reports in which FPA and FCA are enriched at the 3 0 end regions of the FLC locus (Liu et al., 2007; Hornyik et al., 2010) . The locations of FPA and FCA and the newly reported locations of FLD are well correlated with the hypothesis that proposes that FLC is suppressed by COOL-AIR-mediated chromatin inactivation because the enriched regions are near the end of the proximal COOLAIR transcript. In contrast, regions enriched with TAF15b at the FLC locus correlate well with the hypothesis that TAF15b functions as a transcriptional repressor. Interestingly, TAF15b is enriched at the promoter regions of both sense and antisense transcripts of FLC. The suppression of COOLAIR by TAF15b may reinforce the transcriptional repression by epigenetic inactivation of FLC chromatin mediated by the processing of proximal COOLAIR. Otherwise, it may be an indirect effect because the circular structure of genes induced during transcription makes the 5 0 and 3 0 ends meet (Crevill en et al., 2012) . Therefore, the same transcriptional repressor probably suppresses both orientations of transcriptional elongation. Future studies will answer which hypothesis is correct.
Human TAF15 belongs to the FET protein family that is likely to regulate transcription, RNA processing, and nuclear-cytoplasmic shuttling of mRNA (Schwartz et al., . For transcriptional regulation, it was proposed that TAF15 connects the preinitiation and elongation complexes, based on the fact that it can bind both RNA and single-stranded DNA and constitute a functionally different TFIID complex (Bertolotti et al., 1996) . However, recent studies have shown that FUS binds the CTD of Pol II through the prion-like LC domain and inhibits phosphorylation of Ser2 in the CTD, which prevents transcriptional elongation (Schwartz et al., 2012 (Schwartz et al., , 2013 . One of the interesting features of TAF15b is that it has LC domains at the N-terminal and middle regions. Such LC domains are involved in the interaction with the CTD of Pol II in humans (Kwon et al., 2013; Schwartz et al., 2013) . It has a simple, low-complexity amino acid composition, mostly glutamine, glycine, serine, and tyrosine (QGSY-rich) that are arranged in [S/G]Y[S/G] repeats (Burke et al., 2015) . One of the well known LC domain-containing peptides is the CTD of Pol II, which is composed of heptad repeats Y 1 S 2 P 3 T 4 S 5 P 6 S 7 (34 repeats in Arabidopsis; Koiwa et al., 2004; Sch€ uller and Eick, 2016) . Due to the LC domains, FET proteins form higher-order structures and directly bind the CTD of Pol II (Kwon et al., 2013; Schwartz et al., 2013; Burke et al., 2015) . As Arabidopsis TAF15b interacts with Pol II, it is very likely that the LC domains of TAF15b associate with the CTD of Pol II to inhibit transcriptional elongation, but this assumption remains to be proven. In Arabidopsis, Chakrabortee et al. (2016) predicted using a computational algorithm that approximately 500 proteins have prion-like domains (PrDs). The LC domain before the zinc-finger motif in TAF15b was also predicted to be a PrD (Figure 3(a) ). In their report, four out of eight AP genes, LD, FPA, FCA and FY, were suggested to encode proteins with PrDs, although only LD has prion activity (Chakrabortee et al., 2016) . From the list of proteins predicted to contain PrD, we identified five more AP genes, CstF64, GRP7, GRP8, PRP39-1, and CDKC;2, that belong to this class ( Figure S2 ). As PrDs have self-assembly properties and most AP genes with PrDs belong to the RNA processing group, it is possible that AP proteins interact with each other. The interaction of TAF15b and Pol II and the increase of elongation mark in taf15b suggest that it might affect FLC transcription through a transcription elongation complex (TEC). A TEC is composed of a growing nascent RNA, Pol II, and accessory proteins, including factors for elongation, RNA processing, and chromatin modification (Perales and Bentley, 2009) . In a TEC, the CTD of Pol II provides a platform for direct binding of RNA processing and transcription elongation factors (Phatnani and Greenleaf, 2006) . Because the RNA processing group of AP genes encode proteins involved in polyadenylation, splicing, and transcriptional elongation (Simpson, 2004; Rataj and Simpson, 2014) , it is possible that AP proteins may function as components of a TEC. Thus, it is of utmost importance to investigate whether any of the AP genes are involved in this process. It would also be interesting to see whether TAF15b has any roles in mRNA processing because the proteins are localized at cytoplasmic p-bodies in certain environments.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis thaliana Columbia-0 ecotype was used as the WT control in this study. taf15b-1 (SAIL_35_B06) and taf15b-2 (SALK_061974) were obtained from the Arabidopsis Biological Resource Center. Col:FRI SF2 (FRI-Col), fca-9, and other AP mutants are in the Col-0 background and have been previously described (Feng et al., 2011) .
To measure flowering time, seeds were sterilized using 75% ethanol with 0.05% Triton X-100, rinsed with ethanol, and then dried. Seeds were spread on half-strength Murashige and Skoog (MS) medium plates with 1% sucrose and 1% plant agar and stratified at 4°C for 3 days. They were grown at 22°C in long day (16 h light/8 h dark) or short day (8 h light/16 h dark) conditions and then seedlings were transplanted to soil at the desired stage. For vernalization treatments, seeds on the MS agar plates were incubated at 4°C for 50 days in short days and transplanted to soil in long days. For gibberellin treatments, we sprayed twice a week with 100 lM GA 3 (Sigma) in 0.1% (v/v) ethanol after 7 long days, with control plants sprayed with only 0.1% (v/v) ethanol. Flowering time was measured by counting the number of rosette leaves when bolting occurred, using at least 16 plants.
Plasmid construction and generation of transgenic plants
For the complementation test, we generated pTAF15b::TAF15b-GFP by amplifying the genomic sequence of TAF15b with a 1.4 kb promoter fragment as described by Dong et al. (2016) using forward primer 5 0 -CCCGGATCCCATTTCTCCAGAGCTATGGC-3 0 and reverse primer 5 0 -CCCGGATCCGCATATGGACGAGACCGGTTTC-3 0 . The PCR product was cloned into the modified binary vector pCAMBIA1300-NOS with a C-terminal GFP fusion (Cho and Cosgrove, 2002; .
For the overexpression and cellular localization analyses, TAF15b cDNA was amplified using primers 5 0 -TCTA-GAATGGCTGGGATGTACAATC-3 0 (XbaI) and 5 0 -GGATCCATATG-GACGAGACCGGTTTC-3 0 (BamHI) and cloned into the binary vector CsV-GFP3-PA between the CsV (Cassava vein mosaic virus, À368 to +20) and GFP sequences.
The TAF15 bp::GUS construct was generated by amplifying the 1 kb promoter region of TAF15b using primers 5 0 -AAGCTTGTGT-CAAAGATCGGTTGGCC-3 0 (HindIII) and 5 0 -GGATCCGACC-TAGGGTTTGCGATAAA-3 0 (BamHI) and cloning into the modified binary vector pBI121.
The constructs were transformed into Agrobacterium strain GV3101. Transformation of constructs TAF15 bp::TAF15b-GFP and CsVp::TAF15b-GFP into taf15b-1 and construct TAF15 bp::GUS into Col-0 was performed using the floral dip method (Clough and Bent, 1998) . T1 transgenic plants of the GFP constructs were selected on MS medium with hygromycin.
Histochemical analysis of GUS activity
We detected GUS expression of TAF15 bp::GUS transgenic plants in the Col-0 background following the method described previously (Choi et al., 2007) .
Confocal microscopy
CsVp::TAF15b-GFP plants (in the Col-0 background) were grown on soil at 22°C in long days for 12 days and were transferred to a 4°C freezer for cold treatment or a 42°C chamber for heat treatment for 1 h. The upper surfaces of rosette leaves were observed using a Zeiss LSM 700 confocal laser scanning microscope. At least two individual plants with three rosette leaves were used for the observations.
RNA extraction, RT-PCR, and quantitative PCR
Total RNA was extracted from 10-day-old seedlings grown under long-day conditions using the TS TM plant RNA Minikit (Taeshin BioScience, cat. no. TS5210) following the manufacturer's instructions. Here, 4 lg of total RNA was treated with 5 U of recombinant DNase I (TaKaRa, cat. no. 2270A) at 37°C for 40 min and then incubated at 75°C for 10 min to inactivate DNase I. cDNA was synthesized using 50 ng of oligo(dT) 18 primer with annealing at 65°C for 5 min, and then incubated on ice for another 5 min. Then, 20 mM dNTPs, 5 9 reaction buffer, and 200 U of RevertAid reverse transcriptase (Fermentas, cat. no. EP0441) were added in a total volume of 20 ll and incubated at 42°C for 1 h, and then 72°C for 10 min.
qRT-PCR analysis was performed using iQSYBR Green SuperMix (Bio-Rad, cat. no. 170-8882) and monitored by the CFX96 real-time PCR detection system. cDNA (0.4 ll) was used in a 20 ll reaction and the PCR reaction was as follows: 5 min at 95°C, 60 cycles of PCR (30 sec at 95°C, 30 sec at 60°C, and 30 sec at 72°C), and then dissociation from 60°C to 95°C. At least two biological replicates were performed, with three technical replicates for each. Results from one biological replicate are shown.
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed as previously described by Saleh et al. (2008) with some modifications in the nuclear lysis, sonication, and immunoprecipitation steps. We used 2 g of 10-day-old WT and CsVp::TAF15b-GFP seedlings grown under long-day conditions for the experiment. After cross-linking and nuclear isolation steps, we resuspended the nuclei pellets in 1 ml of nuclei lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, and 0.1% sodium deoxycholate) and sonicated nuclei with Bioruptor â Pico (diagenode) for 15 min (30 sec ON, 30 sec OFF) at 4°C. For H3K4me3, Ser2P, and Ser5P IP, we added 2 ll of anti-trimethyl-histone H3 (Lys4) (Merck, cat. no. 07-473), anti-Ser2P (Abcam, cat. no. ab5095), and anti-Ser5P (Abcam, cat. no. ab5131) antibodies with 25 ll of Protein G PLUS-Agarose beads (Santa Cruz, cat. no. sc-2002) . For GFP IP, we added 25 ll of GFP-Trap â _A (ChromoTek, . At least two biological replicates were performed, with three technical replicates for each. Results from one biological replicate are shown. ChIP enrichment levels were calculated using C t values (Lin et al., 2012) and relative enrichment of the IP/Input was normalized with Ta3.
Western blot and co-immunoprecipitation (co-IP)
We used 1 g of 10-day-old WT and taf15b-1 seedlings grown in long days to compare the amounts of phosphorylated Pol II. Proteins were extracted with 1 mL of grinding buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10 mM MgCl 2 , 0.1% Nonidet P-40, 1 mM PMSF, and protease inhibitor) and 120 lg of total protein were used for western blot analysis.
Co-IP assays were performed as previously described by Lee and Seo (2016) with a few modifications. Two grams of 10-day-old WT and CsVp::TAF15b-GFP seedlings grown under long-day conditions were ground in liquid nitrogen and 2 mL of grinding buffer were added to each sample. Total proteins were obtained as described above and 25 ll of GFP-Trap â _A (ChromoTek, were added to the samples and incubated for 1 h at 4°C with rotation. After immunoprecipitation, beads were washed three times with grinding buffer and proteins were eluted with 5 9 SDS loading sample buffer with dH 2 O for 10 min at 95°C. Eluates were divided into four aliquots and each used for western blot analyses of CTD (Abcam, cat. no. ab817), Ser2P (Abcam, cat. no. ab5095), Ser5P (Abcam, cat. no. ab5131), and GFP (Clontech, cat. no. JL-8).
Oligonucleotide primers
The sequences of oligonucleotide primers used in this work are listed in Table S1 .
ACCESSION NUMBERS
Sequence data from this article can be found in the Arabidopsis Information Resource (TAIR) and the GenBank/EMBL data libraries under the following accession numbers: A. thaliana ACT7 (AT5G09810), CDKC;2 (AT5G64960), CstF64 (AT1G71800), CstF77 (AT1G17760), FCA (AT4G16280), FLC (AT5G10140), Distal COOLAIR (GQ352646), Proximal COOL-AIR (GQ342259), FLD (AT3G10390), FLK (AT3G04610), FPA (AT2G43410), FT (AT1G65480), FVE (AT2G19520), FY (AT5G13480), GRP7 (AT2G21660), GRP8 (AT4G39260), LD (AT4G02560), LFY (AT5G61850), PCFS4 (AT4G04885), PRP8 (AT1G80070), PRP39-1 (AT1G04080), SOC1 (AT2G45660), SR45 (AT1G16610), Ta3 (AT1G37110), TAF15 (AT1G50300), TAF15b (AT5G58470), TUB2 (AT5G62690) and H. sapiens EWSR1 (NP_053733), FUS (NP_004951), TAF15 (NP_631961). Figure S3 . Pol II ChIP analysis of the ACTIN7 locus. Table S1 . List of primers used in this research.
